We propose a practical concept that distinguishes the particular kind of weaponry that has evolved to be used in combat between individuals of the same species and sex, which we term intrasexually selected weapons (ISWs). We present a treatise of ISWs in nature, aiming to understand their distinction and evolution from other secondary sex traits, including from 'sexually selected weapons', and from sexually dimorphic and monomorphic weaponry. We focus on the subset of secondary sex traits that are the result of same-sex combat, defined here as ISWs, provide not previously reported evolutionary patterns, and offer hypotheses to answer questions such as: why have only some species evolved weapons to fight for the opposite sex or breeding resources? We examined traits that seem to have evolved as ISWs in the entire animal phylogeny, restricting the classification of ISW to traits that are only present or enlarged in adults of one of the sexes, and are used as weapons during intrasexual fights. Because of the absence of behavioural data and, in many cases, lack of sexually discriminated series from juveniles to adults, we exclude the fossil record from this review. We merge morphological, ontogenetic, and behavioural information, and for the first time thoroughly review the tree of life to identify separate evolution of ISWs. We found that ISWs are only found in bilateral animals, appearing independently in nematodes, various groups of arthropods, and vertebrates. Our review sets a reference point to explore other taxa that we identify with potential ISWs for which behavioural or morphological studies are warranted. We establish that most ISWs come in pairs, are located in or near the head, are endo-or exoskeletal modifications, are overdeveloped structures compared with those found in females, are modified feeding structures and/or locomotor appendages, are most common in terrestrial taxa, are frequently used to guard females, territories, or both, and are also used in signalling displays to deter rivals and/or attract females. We also found that most taxa lack ISWs, that females of only a few species possess better-developed weapons than males, that the cases of independent evolution of ISWs are not evenly distributed across the phylogeny, and that animals possessing the most developed ISWs have non-hunting habits (e.g. herbivores) or are faunivores that prey on very small prey relative to their body size (e.g. insectivores). Bringing together perspectives from studies on a variety of taxa, we conceptualize that there are five ways in which a sexually dimorphic trait, apart from the primary sex traits, can be fixed: sexual selection, fecundity selection, parental role division, differential niche occupation between the sexes, and interference competition. We discuss these trends and the factors involved in the evolution of intrasexually selected weaponry in nature.
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I. INTRODUCTION
Impressive weapons can be found throughout the tree of life (reviews by Cunningham, 1900; Andersson, 1994; Emlen, 2008 Emlen, , 2014a . Defensive weapons, such as spines, which help protect an organism from a predator's attack, are found in many plants and animals (e.g. Lucas et al., 2000; Emlen, 2008; Stankowich, 2012; Arbour & Zanno, 2018) . Predators, in turn, often have specialized attack weapons, such as claws and teeth, which help them capture, subdue, and kill prey. Employing these weapons, and in general any structure which they can recruit, many organisms fight in nature not only for survival, but also by engaging in territorial contests to defend resources. For instance, animals will try aggressively to expel direct competitors from their feeding grounds because they are a serious threat to their ability to collect enough resources to survive (e.g. Pratt et al., 2001) . Surviving is not enough to be successful, however, and many animals duel not just for environmental resources but also for reproductive opportunities (sometimes even with lethal consequences; e.g. Abe et al., 2003; Mattisson et al., 2013) . Darwin (1871) noticed that males have certain traits (e.g. larger size, ornaments, weaponry) that improve access to females, but at the cost of reduced survivorship (e.g. increased predation or combat injuries; Drews, 1996) . These features which appear, or are enhanced, usually at sexual maturity are classified as secondary sex traits, distinguishing them from more fundamental sexually dimorphic traits (the 'primary' sex traits) such as reproductive/copulatory organs, gametes, and chromosomal differences.
In this review, we follow the traditional division of sexually dimorphic traits in three groups: primary, secondary, and ecological sex traits (Darwin, 1871; Andersson, 1994; Williams & Carroll, 2009 ); yet we highlight the necessity of an in-depth discussion of this classification taking into account fecundity selection (review in Pincheira-Donoso & Hunt, 2017) , social competition (West-Eberhard, 1983) , and sexual differences in offspring care or other behaviours associated with reproduction (e.g. Cade & Maclean, 1967; Wilson et al., 2003; Ponssa & Barrionuevo, 2012) . Primary sex traits are necessary for sexual reproduction and thus naturally selected (Andersson, 1994) , although aspects of them can also be sexually selected (review in Simmons, Lüpold & Fitzpatrick, 2017) . Secondary sex traits are characteristics, other than primary ones, that contribute to reproductive success. Most secondary sexual traits in nature have evolved due to interand intrasexual selection (e.g. ornaments and armaments); however, others are better attributed to fecundity selection or parental role division. Ecological sex traits are also naturally selected characteristics (like primary sex traits) that evolve when the sexes occupy different niches; for instance, when each sex exploits a different resource (e.g. Rand, 1952; Selander, 1966; Grant & Grant, 2003; Freed, Cann & Diller, 2009) , or traits that improve survival when males and females show differences in habitat use and/or behavioural roles (e.g. Macalintal & Starr, 1996; Reimchen & Nosil, 2004; Speiser et al., 2013) . Weapon-shaped structures have evolved in each one of these three sex traits categories; in this review, we focus on a subset of secondary sex traits that we denominate 'intrasexually selected weapons' (ISWs). We provide a Venn diagram to illustrate the relationships of the abovementioned and other relevant terms, from sexually dimorphic traits to ISWs (Fig. 1) .
On one hand, intersexual selection (e.g. open and cryptic female choice) leads, among others, to sexually dimorphic ornaments, and modifications of the genitalia (review in Peretti & Aisenberg, 2015) . Given that there are other kinds of decorative characteristics in nature [e.g. wing colouration in damselflies for sex recognition (Schultz & Fincke, 2009 )], we denominate these traits 'intersexually selected ornaments'. They are different from other signals such as status badges in that they are not used also during intrasexual agonistic encounters; for example, most tail displays in birds are used during courtship but not in male-male confrontations. On the other hand, intrasexual selection (e.g. male competition) results in a variety of sexually dimorphic characteristics such as: (i) traits that enhance mate searching and dispersal [e.g. wing dimorphism in many insect clades (Thayer, 1992) ; longer legs useful for scramble competition (Legrand & Morse, 2000) ], (ii) sperm competition traits (reviews in Simmons, 2005; Smith, 2012) , (iii) traits that enhance copulation [e.g. tardigrade front claws (Bertolani, 2001) ; scorpionfly anal horns (Zhong, Ding & Hua, 2015) ], (iv) morphological and behavioural traits that assist alternative mating strategies (review in Neff & Svensson, 2013) , (v) traits that improve endurance [e.g. thermoregulatory bird beaks to allow prolonged displays (review in Tattersall, Arnaout & Symonds, 2016; Luther & Danner, 2016) ], (vi) compensatory traits, i.e. modifications that counter performance-detrimental effects imposed by other sexually selected traits (e.g. Oufiero & Garland, 2007) , (vii) traits influenced by signal production [e.g. modified tympana in cicadas (Sueur, Windmill & Robert, 2008) ], and (viii) features increasing supremacy or 'dominance-associated traits' (e.g. Fig. 2 ).
Fig. 1.
Venn diagram for sexually dimorphic traits. Only some traits in the phenotype are dimorphic traits, i.e. different in males and females, such as reproductive organs ('primary sex traits') which evolved through natural selection. Another well-known set of naturally selected, sexually dimorphic traits are 'ecological sex traits' which evolved due to differential selective pressures between the sexes, such as intersexual niche partitioning. The third main division of sexually dimorphic traits corresponds to 'secondary sex traits', which enhance reproductive fitness, e.g. are sexually selected. Intersexually selected ornaments are driven by the opposite sex's choice. Dominance traits are secondary sex traits that influence the outcome of, usually, intraspecific confrontations. Combat traits are used during brawls to provide a fighting advantage to the possessor, such as the musculature necessary to wield the weapons, and traits used as shields against attacks. Finally, intrasexually selected weapons are discrete structures actively used as fighting tools during same-sex contests. The size of each trait category in the diagram is arbitrary.
We define 'dominance traits' as features that increase social status and position within a dominance hierarchy, and will ultimately influence access to reproduction (e.g. status badges, armaments, aggressive behaviours). It is important to clarify that we do not refer to armaments as 'weapons and signals used in male-male competition' (sensu Berglund, Bisazza & Pilastro, 1996; Tobias et al., 2011; Lloyd-Jones & Briskie, 2016 ; among others); to us, 'armament' is simply a synonym for 'weapon'. It is also worth noting that there are some traits that are selected under intrasexual contest pressures (and increase dominance) yet are not considered weapons. Status badges (Rohwer, 1975) are a kind of ornament used as agonistic and/or individual quality signals (visual, acoustic, chemical, etc.) in social competition, and could also be used in mating displays, but are not useful during combat itself (e.g. Fig. 2A ; see Maynard Smith & Harper, 1988; Evans, Neave & Wakelin, 2006; Diep & Westneat, 2013; Grueter, Isler & Dixson, 2015) . Status badges are 'resource-holding-potential signals' (Parker, 1974) Fig. 2. Exempli gratia of dominance and combat traits, and intrasexually selected weapons. (A) Adult male gorilla illustrating its distinctive pelage colouration, some of which serves as a status badge. (B) Musculoskeletal traits that confer advantages in combat to adult male gorillas, such as support for neck, upper back, and biting muscles, and enlarged (with respect to females) and powerful arms. (C) The main weapons that gorillas use to inflict damage to each other during male-male fights are their canines and fists (reviews Caillaud et al., 2008; Balolia, Soligo & Wood, 2017) .
that help in assessment of the opponent's fighting ability, but they are not fighting tools per se. There is another set of traits that are not used directly as weapons but serve to provide combative advantage during confrontations, such as fighting experience, underlying musculature, and traits used for protection (e.g. intrasexually selected dermal shields), which we define as 'combat-associated traits' (e.g. Fig. 2B ).
Our definition of 'combat traits' includes those that play an active role during battle without necessarily being weapons, while also excluding purely signalling traits like status badges. Thus, the designation of combat traits encompasses: ISWs, intrasexually selected armour [e.g. shields, thickened skin, fur (Jarman, 1989) ; enlarged osteoderms (Broeckhoven, de Kock & Mouton, 2017) ], other traits that convey a physical advantage during the combat itself [e.g. strength, large muscles, structures conferring mechanical advantage, skeletal support, etc. (Bonnet et al., 2001; Reaney & Knell, 2015; Morris & Carrier, 2016) ], and fighting style and experience [which influences the outcome of fights (e.g. Hsu & Wolf, 1999; López & Martín, 2001; Dugatkin & Druen, 2004; Hsu, Earley & Wolf, 2006) ]. Traits increasing dominance and combat traits are categories that include both morphological and behavioural traits, yet the focus of this review (ISWs) is a category that only pertains to morphology (e.g. Fig. 2C ). It is important to point out that some of the trait categories in our Venn diagram (Fig. 1 ) may correspond to characteristics with dual functions, such as intrasexually selected skin thickening (e.g. mammals; review in Jarman, 1989) or sexually dimorphic manes (e.g. baboons, sea lions; review in McPherson & Chenoweth, 2012 ) that act as combat traits, but could also give an impression of neck muscle bulking (e.g. impala shields; Jarman, 1972 Jarman, , 1989 and serve as status badges. Similar traits may have evolved initially for defensive purposes, but currently only function as signals (e.g. lion's mane; West & Packer, 2002; West et al., 2006) . There is also a big overlap between dominance traits and ornaments since there are many that are used as signals interchangeably for courtship and for aggressive same-sex encounters. Clearly categorizing the presence and use of weapons, combat and dominance traits, as well as other secondary sex traits in each clade (i.e. Fig. 1 ) is the first step to uncovering the selective pressures that lead to the appearance of ISWs in animals, and will help us conceptually to summarize the possible pathways for the evolution of this kind of weaponry in nature.
The concept of ISW is used instead of 'sexually dimorphic weapon' because there are some cases in which animals have evolved weapons that are only present in one of the sexes under pressures different from same-sex fights. For instance, soldier ant mandibles could have defensive and logistic roles, and females of stinging hymenopterans (Aculeata) use their venom-injecting ovipositor as an effective weapon for defence of the colony. Modified ovipositors in Hymenoptera originally evolved as predatory sexually dimorphic weapons, secondarily were adapted for defence (Macalintal & Starr, 1996) , and are also sometimes used during intrasexual contests (Reaumur, 1736; Moritz, Pflugfelder & Crewe, 2003) . Hence, we prefer the term ISW to sexually dimorphic weapons since the former specifies traits mainly used for intrasexual fights, such as male-male combat, unlike the latter that only specifies weapons that are exclusive to, or enlarged in, one of the sexes. Another instance of sexually dimorphic armaments that have not been intrasexually selected is when one of the sexes has predatory habits and weapons to subdue prey, and the other sex is not a predator and therefore lacks such attack tools (e.g. some ostracods; Kornicker, 1985; Shine, 1989) , or when the two sexes are predators but they feed on different prey, with the weaponry matching such dietary differences (e.g. some snakes; Vincent & Herrel, 2007) .
There are also examples that would qualify under a similar term, 'sexually selected weapons', that have evolved under selective pressures different from intrasexual competition; for example male devices to grip the female during copulation [e.g. modified chelae in scorpions (Maury, 1975; Polis, 1990) ; prepollical spines in some frogs (Duellman & Trueb, 1986; Wells, 2007) ], perform extragenital insemination [e.g. hardened spicules in most roundworms (Coomans, Verschuren & Vanderhaeghen, 1988) ; penis fencing in flatworms (Michiels & Newman, 1998) ; stylet-shaped paramere in bed bugs (Stutt & Siva-Jothy, 2001 )], coerce females into mating [e.g. tomiodonts in painted turtles (Moldowan, Brooks & Litzgus, 2016) ], or deliver secretions during courtship [e.g. lengthened teeth in some salamanders (Arnold, 1977; Duellman & Trueb, 1986) ; thumb spines in some frogs (Willaert et al., 2013) ; elongated metasoma and stinging telson in scorpions (Francke, 1979; Polis, 1990; Carlson, McGinley & Rowe, 2014) ]. These structures modified as weapons are sexually selected (depending on the definition of sexual selection, see Section II) but are not primarily used for same-sex battles; ergo they are sexually selected weapons but not ISWs. In order to restrict our survey to particular weapon-shaped traits specifically evolved under intrasexual competition pressures, we coined the term ISWs and demarcate the label of ISWs to structures fulfilling a precise set of conditions (see Section II). This is with the goal of answering key biological questions, such as which organisms have evolved specialized weapons to fight with same-gender conspecifics, which are these armaments, why have they evolved in only some groups, which are the main morphological and evolutionary trends, and what are the differences between the sexes regarding the evolution of this kind of weaponry?
There have been recent and thorough reviews of animal weapons (Emlen, 2008 (Emlen, , 2014a . The central discussions in these treatises were about ISWs, although they also included offensive and defensive weapons which are not necessarily sexually dimorphic and/or intrasexually selected, and a variety of fossil taxa where in some cases it is not clear whether or not they possessed weapons used mainly during intrasexual contests. The chief difference herein with previous reviews is that, in order to improve our signal-to-noise ratio in an attempt to unveil evolutionary patterns, we exclude all weaponry that is not the result of intrasexual competition, and do not include exaggerated structures presumed to be weapons but for which there is no evidence of their use as fighting tools in combat (see Section II for specific examples). Moreover, we incorporate revisions of important clades that were not thoroughly surveyed (e.g. lizards and frogs) or completely absent in previous reviews, such as birds, a diversified and well-studied group. As a case in point, it has been proposed that ISWs will be favoured whenever one or few individuals are able to defend critical resources (Emlen & Oring, 1977; Emlen, 2008) , and in fact males and females of some bird species defend such critical resources and have evolved ISWs [e.g. bills of male ibises (Babbitt & Frederick, 2007) ; wing spurs of female jacanas (Butchart, Seddon & Ekstrom, 1999; Emlen & Wrege, 2004; Wrege & Emlen, 2005; Lipshutz, 2017) ].
II. METHODS
We reviewed the presence of traits that seem to have evolved as ISWs by examining the whole tree of life, but excluding the fossil record because of the lack of behavioural information, complete ontogenetic series, and, for most taxa, the ability to corroborate the sex of each specimen. We define ISWs as armaments that have evolved to provide advantages during intrasexual fights; i.e. weapons that have been selected primarily through combat within one of the sexes and thus, are not present, or are reduced (relative to body size), in the other sex. Note that we also deviate from the traditional definition of sexually selected weapons (e.g. Berglund, 2013) in that we do not have as a prerequisite that the same-sex fights are over access to mates. We highlight our focus on 'intrasexual competition' instead on 'intrasexual selection' because in this review we will not enter the semantic debate regarding the distinctions among natural, sexual, and social selection (e.g. Clutton-Brock, 2009; Watson & Simmons, 2010b; Tobias, Montgomerie & Lyon, 2012; Berglund, 2013; Shuker, 2014) . Instead, we include all the cases in which weapons have been selected through intrasexual combat regardless of the subject of dispute (e.g. mates or breeding resources, see Section III.4). We restrict the definition of ISWs to morphological structures that fulfil the following conditions: (i) only present or enlarged (relative to body size) in adult individuals of one of the sexes, and (ii) that are used as weapons during same-sex agonistic encounters. In this context, we define 'weapons' as morphological traits used as contact-contest tools against opponents during physical struggles.
We highlight that we do not include positive allometry as a condition to define ISWs since it has been shown that, in some cases, characters under sexual selection are isometric or negatively allometric (reviews in Bonduriansky, 2007; , and that such disproportional scaling of traits is not exclusive to sexually selected traits (e.g. Simmons & Tomkins, 1996; Schulte-Hostedde et al., 2011; Bergmann & Berk, 2012; Kelly, 2014b; Voje, 2016) . Many weapon-like traits satisfy the first condition when diet and/or nesting activities (e.g. Wilhelm et al., 2011) in adults are sexually dimorphic (as well as mate-holding traits, e.g. Shine, 1989) , which is why behavioural information on fighting is crucial for considering a trait as a genuine ISW (see Cooper Jr & Vitt, 1989) . By limiting our definition of ISWs to structures used as fighting tools during physical confrontation (e.g. territorial or mate-guarding activities), we tacitly but unintentionally restrict ISWs to animals. We examined literature on intrasexual competition, sexual dimorphism, mating strategies, etc., including a total of more than 4500 studies with putative evolution of ISWs (which we do not cite for brevity) and evaluated them under the aforementioned conditions. We excluded traits described to be used as weapons during intrasexual clashes but for which we did not find reports of size-relative sexual dimorphism, and conversely, also excluded traits that are sexually dimorphic but for which we found no evidence that they are used in fights (see online supporting information, Appendix S1). We identified studies that by themselves, or in combination with others (e.g. one study on morphology and a different one on behaviour), fulfilled our conditions for a trait to be considered an ISW (Appendix S2).
We summarize the results of our survey in Table 1 , where each line represents an independent evolution of intrasexually selected weaponry. We group taxa in Table 1 using the taxonomic rank of 'Class' (or equivalent) for consistency, although we realize that arthropod classes are more diverse than vertebrate classes. Given the scope of our review, we do not itemize multiple independent evolutions of ISWs inside some clades (e.g. flies and beetles) in which many species have evolved armaments [detailed reviews: beetles (Kawano, 2006; Emlen, 2008) ; flies (Grimaldi & Fenster, 1989; Wilkinson & Dodson, 1997; Bonduriansky, 2006) ]. We did not include available fossil evidence in our review, because there is no unequivocal evidence that candidate structures fulfil our above-mentioned conditions. In addition, we refrained from including secondary sex traits of extant animals with no clear evidence of them being used in combat. For instance, in a centipede (Paitobius zinus) the male forcipules are almost twice the size of those in the female (Crabill, 1960) , but this secondary sex trait seems to be related to dietary differences between the sexes, and there is no evidence for the use of these structures in male-male combat (Lewis, 1981) . Similarly, male and female sawfish (Pristis spp.) have different rostral teeth numbers (review in Wiley et al., 2008) , but there is no evidence that this difference is related to male-male competition. As mentioned in Section I, our methods differ from those of previous reviews in that we do not include weapons that have not been reported to be used as such during intrasexual encounters. Armaments such as saws and swords in fish (e.g. see Fig. 4 in Emlen, 2008) have been related to feeding and defence against predators (Wueringer et al., 2012; Domenici et al., 2014; Habegger et al., 2015; Nevatte et al., 2017) but never to intraspecific fights. Our methods allowed us to exclude exaggerated structures that were previously considered as weapons (cf . Emlen, 2008 Emlen, , 2014a but that actually seem to be used exclusively in signalling but not as fighting tools; examples include unicornfishes' projections, eyestalks of flies, and the horns of some beetles (see Section III.5). We also exclude sexually selected weapons resulting from sexual conflict during copulation and subsequent coevolutionary arms races between the sexes, or 'sexually antagonistic armaments' (e.g. Arnqvist & Rowe, 2002 ; review in Perry Rowe, 2015) and corresponding armour,(e.g. Crooks et al., 2013) .
In Table 1 , we list the armed taxa, specify the structures used as weapons, including the position on the body, and if the ISW includes centred (e.g. gular projections in tortoises), paired (e.g. forceps in earwigs), or lateralized (e.g. asymmetrical chelae in crabs) structures. We considered it important to specify if the weapon in each taxon represents an enlarged structure corresponding to a similar feature found in the opposite sex and juveniles (e.g. forelimbs in kangaroos), or if it is a trait that evolved de novo (e.g. kype in salmon) which we dubbed 'unique' to one of the sexes. The taxa reviewed use their weapons in a variety of contexts; we indicate if the use of ISWs has been related to territorial defence, mate guarding, none, or both. Since we are interested in tracking evolutionary patterns, we also note if the weapon itself is employed during visual or tactile (e.g. for nocturnal animals) displays as a way of mutual assessment of combatants, and/or during courtship. Finally, we note if females of the clade in question exhibit well-developed weapons (i.e. similar to those found in males), when compared to sister taxa. It is important to clarify that these cases (with few exceptions) do not correspond to sex role reversals in which females have larger weapons than males; these latter cases will be treated separately (see Section III.4).
We plotted the results of Table 1 separately for the phylogenetic trees of arthropods and vertebrates, using topologies that were reconstructed in Mesquite 3.3 (mesquiteproject.org) based on the Tree of Life Web Project (tolweb.org). Although we recognize the limitations of this database in terms of not using the latest phylogenies available for each clade, we employ it because it covers the entire organismal phylogeny that we surveyed for the above-mentioned conditions for ISWs. We rooted each tree using the clade containing terminal branches with armed taxa (i.e. Table 1), which means that in the non-plotted sister clade to that tree root we did not find ISWs. We do not show all the clade names nor all the branches inside a given clade in order to improve visualization. We selected the visible clades to provide a general impression of the presumed independent evolutions of ISWs based on our survey (Table 1) . However, the presented phylogenies are for display purposes only because we do not always have unequivocal absence data; in some cases, we do not know if a given taxon has no ISWs or if it has not been studied in enough detail. Nevertheless, these phylogenies serve to describe general patterns about the evolution of ISWs (see Sections III.2 and III.8). Table S1 shows the correspondence between the selected armed taxa plotted in the trees and the general review presented in Table 1 . The armed taxa reported in this review do not have a standard taxonomic rank; for instance, for some groups in which we could confirm ISWs in only one genus, we include this in Table 1, Table S1 , and in the corresponding tree, but in some groups in which many genera and/or families have well-studied armed species we present a much larger rank, reporting for instance Diptera and Coleoptera without listing the independent evolutions of weaponry within the orders (which can be consulted in reviews listed by group in Appendix S2). We emphasize that not all of the species in the reported armed taxa (tables and trees) necessarily present ISWs; we selected the most specific taxonomic level that included species with confirmed ISWs.
III. RESULTS AND DISCUSSION
We found 130 independent evolutions of ISWs across the tree of life (Table 1) , which actually represents only a fraction of the total instances of convergent evolution of these weapons in nature since there are many groups within which there are several independent developments of ISWs, which we do not itemize in the present review (e.g. harvestmen and mites, Appendix S2). In addition, we report a further 200 candidate ISWs which need either morphological or behavioural evidence (Appendix S1) to fulfil the conditions in the present review. There are probably hundreds of thousands of species armed with ISWs and further detailed studies of subgroups of the groups included here are warranted. Notwithstanding the vast variety of animal phyla, we found that ISWs have evolved in only three out of the 33 (sensu Telford, Budd & Philippe, 2015) major clades of animals: nematodes, arthropods, and vertebrates. ISWs are restricted to Bilateria, appearing independently in one genus of Nematoda (roundworms), various groups of Hexapoda ('insects'), Eumalacostraca ('crustaceans'), Arachnida (arachnids), Teleostei (teleost fishes), Batrachia (frogs and salamanders), Lepidosauria (lizards and snakes), Neognathae (modern palate birds), Testudines (turtles), and Mammalia (mammals). Although there have been reports of combat outside Bilateria [e.g. in cnidarians (Sebens & Miles, 1988; Ayre & Grosberg, 1995; Lane & Briffa, 2018) ], reproductive mechanisms (e.g. sperm transfer strategies) and frontal confrontations in bilateral animals may have played a role in the appearance of most ISWs. We hypothesize that the evolution of chitin (e.g. nematode spicules) and keratin (e.g. beaks, claws, and horns), as well as the presence of endoand exoskeleton, in vertebrates and arthropods respectively, played a role in the development of rigid structures and stiff projections that could become ISWs. In Table 1 we summarize the state of knowledge on ISWs; it is worth noting that not all of the species in the clades presented in Table 1 possess weapons, however we selected the most specific taxonomic level that includes confirmed armed groups.
(1) ISWs by groups
Nematode spicules are the only copulatory structures that have been shown to also function as ISWs; males use spicules to kill other conspecific males and even heterospecific competitors Kapranas, Maher & Griffin, 2016) . ISWs in arachnids are usually enlarged hunting and food-processing structures, i.e. pedipalps and chelicerae (e.g. in pseudoscorpions; Fig. 3A) , and in some cases modifications of leg structures (e.g. thickened and sharply pointed legs in mites). In crustaceans, ISWs have evolved from enlarged predatory structures (e.g. hammers in mantis shrimps) and modified locomotive organs (e.g. uropods in pill bugs; Fig. 3B ). Decapod weaponry is interesting because it is the most extremely asymmetric of the ISWs (e.g. fiddler crab claw). Hexapod (insects + springtails) ISWs are the most varied not only because of the vast amount of insect species, but also because of the dazzling diversity of male fighting strategies in groups like beetles and flies. In hexapods, ISWs include modified legs and mandibles (e.g. sweat bees; Fig. 3C ), as well as other predatory and defensive structures (e.g. earwigs' pincers); many taxa have enlarged cephalo-thoracic projections (e.g. tephritid fly antlers) as a consequence of their frontal encounters inside burrows or in tree branches (Emlen, 2014a) .
Although most vertebrates are fish, they do not seem to show varied ISWs, possibly because, for most species, maintaining their hydrodynamic shape precludes the evolution of elaborate, stiff, sideways projections (e.g. antlers) that would decrease swimming speed (the only exceptions are benthic feeders). And most do not have forward-projecting forelimbs, which are another common ISW location. Moreover, some secondary sex traits in fish have been shown to boost swimming performance, which could be sexually selected as well (e.g. Kokita & Mizota, 2002) . In general, male fish weapons are enlarged jaws (e.g. bleniid fishes ;  Fig. 4A ); in one extreme example, when salmonids develop their kypes, they are unable to feed, and therefore males of several species only go through this costly transformation at the very end of their lives (Groot & Margolis, 1991) . In frogs, most of the weapons are either thumb spines or fang-shaped bony projections in the mandible (e.g. fanged frogs; Fig. 4B ). Among vertebrates, mammals possess the most diverse intrasexually selected arsenal. The majority of mammalian ISWs are modified teeth; most of those are enlarged canines (e.g. baboons, gorillas; Fig. 2 ) and the most extreme ones are tusks (e.g. beaked whales). Rodents represent almost half of all mammalian species, but yet, only two genera possess weapons (Table S1 ). Interestingly these armed rodents (which also use their incisors as weapons) are fossorial, reinforcing the concept of fights in confined spaces as a common theme in the evolution of ISWs. Hence, future studies could seek ISWs in other burrowing rodents (e.g. McNab, 1966; Begall, Burda & Gallardo, 1999) , and in other animals in which fighting takes place in spatially restricted scenarios [e.g. roosts in harem-forming bats (Porter, 1978; Dechmann et al., 2005; reviews in McCracken & Wilkinson, 2000; Adams, Nicolay & Wilkinson, 2018) ]. Some of the best-known ISWs are the ruminant cranial appendages (reviews in Lundrigan, 1996; Davis, Brakora & Lee, 2011) ; in fact, the greatest diversity of enlarged head projections for male-male battling in vertebrates is found in cervid antlers and bovid horns. We consider ruminant ISWs to have independent origins (see Table 1 ), although the evolution of head appendages in pecorans, i.e. giraffes, pronghorn, deer, bovids, and allies, is currently in debate (Davis et al., 2011; DeMiguel, Azanza & Morales, 2014) . A few mammalian groups have evolved sexually dimorphic fighting arms (e.g. human fists, gorillas; Fig. 2, Table 1 ), and one of the most bizarre ISWs appears in the form of a hollow spur able to deliver venom (i.e. platypus Ornithorhynchus anatinus; Fig. 4C ). Further studies of this and other potential cases of ISWs further equipped with venom (e.g. skeleton shrimps and pseudoscorpions) employed during male-male fights are warranted.
Weapons in turtles are modified jaws and necks, plus striking projections of their armour (i.e. gular horns from the plastron) that they use to flip each other (e.g. desert tortoise Gopherus agassizii; Fig. 5A ). Most lepidosaur weapons are enlarged jaws (but see Arbour & Zanno, 2018) and associated traits in males (e.g. tuatara Sphenodon punctatus and collared lizard Crotaphytus collaris; Fig. 5B) , and a couple of groups present horn-like projections (e.g. Trioceros chameleons). Despite being the second largest group of vertebrates, relatively few ISWs have been reported in birds; while the most common are leg spurs, some groups use wing projections and a few groups use bill modifications (e.g. tooth-billed hummingbird Androdon aequatoralis; Fig. 5C ) during intrasexual combat. The scarcity of ISWs in birds could be partly related to their predominant mode of locomotion, flying; aerial confrontations and pursuits may select for manoeuvrability and speed, rather than for adaptations to increase physical contact (similar omnidirectional chases are performed by fish, another group with a low proportion of ISWs). Most avian armed groups correspond to birds that do not fly much when compared to avian groups that lack ISWs.
(2) Location and design of ISWs
We found that arachnids and crustaceans generally have ISWs on their anterior appendages, weapons on the head region appear in few spiders and isopods, and weapons on the posterior appendages appear in harvestmen, mites, and amphipods (Table 1 , Fig. 6 ); weapon location is related to different fighting styles. Most hexapods have ISWs on the head region, a few springtails, thrips, and beetles have weapons on the anterior appendages, and weapons on the posterior appendages appear in leaf-footed bugs, tusked wasps, and some beetles. The only ISWs on the tail region are found in nematodes, isopods, springtails, earwigs, and megachilid bees (excluding stingers, see Section I). In all armed ecdysozoan clades (including nematodes and arthropods), there are species with paired weapons. Only some isopods, beetles, and flies have centred ISWs, and some isopods and decapods are the only animals with lateralized weapons (e.g. fiddler crab claw).
It is noteworthy that almost all the centred ISWs are structures located on the head (e.g. salmon kype, rhinoceros horn, bird beak, etc.) or head region (e.g. horns on pronota of some beetles and on plastrons of some tortoises). The greatest ISW diversity in design is reached in ruminant and beetle antlers and horns; it is plausible that these structures are less constrained to exaggerate and diversify than ISWs in feeding apparatus and locomotor appendages, since the latter are under stronger natural selection pressures, functional and probably developmental constraints. More generally, however, biting and forelimb strikes are the most common behaviours associated with ISWs; deviations from this pattern are interesting cases regarding understanding the evolution of ISWs (cf . Arbour & Zanno, 2018) . In cases in which melee and chasing determine intrasexual conflict outcomes, Fig. 6 . Arthropod phylogenetic tree highlighting taxa with intrasexually selected weapons (ISWs) in black. Drawings depict arbitrarily chosen representatives of each armed group (black terminal branches). Clades shown were selected to portray the diversity of the cases of presumed independent evolution of ISWs, however since we do not have unequivocal absence data this tree is for display purposes only; many taxa are omitted for clarity. Placement and names of terminal branches follow traditional and in some cases unresolved classifications (e.g. polytomies). Table S1 establishes the correspondence between the selected armed taxa in this figure and the general review presented in Table 1 . Illustrations in this figure are from PhyloPic, Wikimedia Commons, and Pixabay (Public Domain and Creative Commons licenses).
hind limb locomotor advantages and associated traits could overcome biting and forelimb combative advantages, precluding the appearance of ISWs (e.g. lemurs Propithecus verreauxi; Lawler, Richard & Riley, 2005) . A different but related evolutionary scenario refers to animals in which size and strength are important to establish the outcome of intrasexual fights, but in which, to push and subdue, most of the body is in contact with that of the adversary, so no specific structures are used as weapons (e.g. ritualized wrestling in snakes; review in Shine, 2003) . In the two above-mentioned scenarios, morphological adaptation complementing the fighting style would appear in the form of intrasexually selected combat traits (Figs 1 and 2) , without the evolution of ISWs.
Asymmetry in ISWs is the rule among many decapods (Table 1 ), but we found additional weaponry lateralization trends. Males of some species with paired weapons exhibit strong asymmetry in their armaments, which, in some cases, has been linked to duelling advantages [e.g. deer (Alvarez, 1995) ; earwigs (Munoz & Zink, 2012) ]. In an earwig (Anisolabis maritima), overall size was a better predictor of fighting success than forceps asymmetry for contests between large males, but in duels between small males the ones with asymmetric forceps were more likely to win regardless of their body size (Munoz & Zink, 2012) . The most likely explanation is that asymmetry is advantageous during prey capture for small males, and thus is an incidental correlate of fighting ability (Munoz & Zink, 2012) . Ecological selective pressures have shown to be involved in asymmetrical trends of other predatory weapons [e.g. foraging performance in stag beetles (Hongo, 2005; Okada et al., 2008) ]. There are also some species that exhibit strong ISW structural asymmetry but have weapons that are functionally centred, for instance narwhals Monodon monoceros (MacLeod, 1998) and slime-mold beetles (Miller & Wheeler, 2005) . At the other end of the spectrum, in some animals with apparently symmetrical ISWs, armament lateralization is associated with left versus right fighting styles. Across taxa, in has been shown that vertebrates respond more aggressively on their left side, suggesting that the right brain hemisphere controls agonistic behaviour (review in Austin & Rogers, 2014) . In some cases, even population differences in handedness frequency have been suggested to be driven by combative advantages [e.g. humans (Faurie & Raymond, 2013; Pollet, Stulp & Groothuis, 2013) ].
Although we focused on documenting the independent developments of ISWs at a wide phylogenetic level rather than the multiple evolutions of weaponry within each group, our survey agrees with the tendency for weapons to increase in size and/or complexity within each taxon (Lincoln, 1994; Andersson, 1994; Emlen, 2008 ; but see Schutze et al., 2007) . In taxa where only a few species have weapons, the weapons are relatively simple (Table 1, Figs 6  and 7) . By contrast, in taxa with many armed species, the weapons are more elaborate; this may be because in these diverse groups, fighters tend to incorporate an assessment component into the weapon's function, and/or because the weapon elaborates in response to ritualized fighting, serving as an interlocking structure to act defensively and to test the opponent's strength (Lundrigan, 1996; Emlen, 2014a) . Contests in which simpler, more dangerous (e.g. prepollical spines in gladiator frogs; Dyson, Reichert & Halliday, 2013) weapons are used would escalate in fewer instances (see Maynard Smith & Price, 1973) compared to the 'strength testing' contests of elaborate weapons. However, elaborate weapons usually evolve as status badges that offer resource-holding potential information to adversaries, thereby de-escalating the conflict under high weapon asymmetry (e.g. Maynard Smith & Parker, 1976) . Perhaps different evolutionary scenarios have produced ISWs and agonistic behaviours suited for different purposes, such as (i) hurting or killing rivals (e.g. Crespi, 1988b; Abe et al., 2003; Mattisson et al., 2013; Zenner et al., 2014) , (ii) testing the strength and stamina of opponents (e.g. Clutton-Brock et al., 1979; Vanpe et al., 2007) , and (iii) physically expelling rivals from a given confined territory (e.g. Emlen et al., 2005; Wells, 2007) . Therefore, if the weapon evolved in a given ancestor, and was followed by prolific speciation, variation in complexity of the ISW would be a consequence of diversification of fighting and display strategies among species and subsequent weapon adjustment (e.g. Eberhard, 1979; Caro et al., 2003; Schutze et al., 2007; Emlen, 2008) .
(3) Origins of ISWs
In most of the taxa, ISWs have evolved as enlarged and/or modified structures with respect to the ancestral state (lacking the weapon) exemplified, in most cases, by the corresponding traits in females and juveniles, as well as non-armed closely related taxa (see Figs 6 and 7) . For instance, many weapons are altered feeding structures (e.g. mandibles and chelae) or locomotor appendages (e.g. modifications in the limbs). Enlarged ISWs are frequently employed for the same functions that the non-enlarged traits are used for, like feeding or locomotion, as well as for warfare. In some cases, however, the transformed structures become so enlarged that the original function is precluded, as in the case of some beetle mandibles (e.g. Cyclommatus metallifer; Goyens et al., 2014) and fiddler crab chelae (Weissburg, 1993; Allen & Levinton, 2007) . It is important to note that the vast majority of ISWs do not appear or enlarge until adulthood, which is when animals need to use them to improve their reproductive possibilities; although the precise moment at which the weapons develop and start to be used varies across species. For example, in holometabolous insects, such as beetles, ISWs are formed during metamorphosis, and they emerge as armoured adults (Emlen, 2000; Kawano, 2006) . Notwithstanding, these insects undergo a period of maturation feeding before they become sexually mature adults (Reaney & Knell, 2015) and start using their ISWs as fighting tools. Similarly, sexual dimorphism in skeletal traits (e.g. Fig. 2 ) starts at earlier developmental stages, before sexual maturity. There is a variety of physiological mechanisms underlying the development of secondary sexual traits at different life stages (Emerson, 2000) . Thus, some animals develop their ISWs before adulthood and others after, such as salmon, which do not develop their kypes until their run back upstream (Groot & Margolis, 1991) . Although most weapons originate from feeding or locomotion traits (Table 1) , they are not the only examples of how naturally selected traits can become ISWs. For instance, the lower sac of the forehead of the sperm whale Physeter macrocephalus, the junk, evolved to enhance sonar clicks (derived from the odontocete melon), and in males the junk has transformed into a battering ram (Panagiotopoulou et al., 2016) . Their sexually dimorphic teeth (Ralls & Mesnick, 2002) may also be used during intrasexual combat (see Supp. 1 in Panagiotopoulou et al., 2016) .
In some taxa, females also have weapons, although less developed than those in males (see Table 1 ). When these traits are present in both sexes, the structure may have originally evolved as a weapon, either for defence, intraspecific interactions, or both; this could be the case for caprid horns (e.g. Robinson & Kruuk, 2007; Festa-Bianchet & Côté, 2012) . However, in many instances it is hard to know if the weapons were initially fixed by natural selection, such as for protection against predators (e.g. female rhinoceros that use their horns to defend their calves; Goddard, 1967) , and then exapted as Fig. 7 . Vertebrate phylogenetic tree highlighting taxa with intrasexually selected weapons (ISWs) in black. The tree is rooted in Osteichthyes given the lack of reported ISWs in basal sister clades. Drawings depict arbitrarily chosen representatives of each armed group (black terminal branches). Clades shown were selected to portray the diversity of the cases of presumed independent evolution of ISWs, however since we do not have unequivocal absence data this tree is for display purposes only; many taxa are omitted for clarity. Placement and names of terminal branches follow traditional and in some cases unresolved classifications (e.g. polytomies). Table S1 establishes the correspondence between the selected armed taxa in this figure and the general review presented in Table 1 . Illustrations by Kristiina Hurme.
ISWs, or if the weapons arose first in males and under specific circumstances became co-opted by females [e.g. female dung beetles ; several ungulates (Kiltie, 1985; Clutton-Brock, 2009; Stankowich & Caro, 2009) ]. Female reindeer Rangifer tarandus antlers could be another example of the latter evolutionary scenario, in this case allowing females to survive and rear new generations under extreme conditions. Female reindeer retain their antlers longer than males, during the winter, in order to fight for social dominance and contend for scarce resources, both intra and intersexually (Kiltie, 1985; Barrette & Vandal, 1986; Holand et al., 2004) . Explanations for species in which males have ISWs and females also grow well-developed weapons invoke genetic correlation (Lande, 1980; Amundsen, 2000; Kraaijeveld, 2014) , intersexual arms race (e.g. to avoid male coercion and prevent infanticide; Smuts & Smuts, 1993) , heterosexual mimicry (e.g. to reduce harassment, and to lower aggression against juvenile males; Estes, 1991), predatory defence and/or female-female competition for nest sites or other resources [e.g. burrows in dung beetles (Rasmussen, 1994) ; chum salmon Oncorhynchus keta (Groot & Margolis, 1991) ], as well as other intraspecific interactions (Holand et al., 2004; Rosvall, 2011; Tobias et al., 2012) . In addition, it is also likely that armed females (as well as males) could benefit by exerting dominance during interspecific competition for resources.
In all of the abovementioned cases a structure comparable to the weapon can be identified in the opposite sex, whereas in the case of 'unique' ISWs (evolutionary novelties), the feature evolved as a weapon bears little to no resemblance to the trait present in the other sex (e.g. rhinoceros beetle horns; Kawano, 2006) , or in unarmed sister taxa. Spicules in nematodes represent a particular case where the ISW was co-opted from a copulatory function , which explains why the structure used as a weapon is not present in females. However, in most of the other unique ISW cases, it is not evident how the weapon appeared since it does not correspond to a modification of an ancestral structure. Since these unique structures seem to have evolved de novo, we propose that unique ISWs evolved as a response to a given combat style; in other words, the belligerent behaviour would have appeared first and the weapon later (but see DeMiguel et al., 2014) . Thus, unique ISWs could draw novel and unrestrained paths in a brand new evolutionary canvas. These unique ISWs would be less constrained to vary and diversify following changes in fighting styles and display purposes with speciation [e.g. bovids (Lundrigan, 1996) ; beetles ] than weapons evolved from modifications of feeding or locomotory parts (excluding lateralized weapons). On the other hand, we propose that the evolution of ISWs from the modification of traits with an originally different function (e.g. feeding, protection, locomotion) started with a feature shaped by natural selection, which was then co-opted for intrasexual fighting; hence, the structure appeared first, followed by its exaptation for combative behaviour along with the boosting of the weapon in the more pugnacious sex, resulting in sexual dimorphism produced or augmented by intrasexual competition.
(4) Female ISWs
Sexually selected weapons in females have only been reported for one group of animals: Jacanidae, a bird family with sex-role-reversed species (Jenni & Collier, 1972; Davison, 1985 ; Berglund, 2013) . Here we include two groups that satisfy the conditions of our definition of ISWs in females: jacanas and dung beetles. However, we must point out that these disparate groups have evolved weapons under different evolutionary pressures. Jacanas fight for territories that overlap up to four male territories, actively competing for exclusive breeding rights over the offspring that the males will care for (Jenni & Collier, 1972) . On the other hand, female beetles battle for access to breeding resources, e.g. dung balls, rather than for access to mates. This is probably one of the few examples of ISWs that have evolved through resource competition, instead of mating competition, in nature (see Section III.7).
In most gonochoristic groups (i.e. with distinct males and females), individuals from the same species that invest more in each gamete tend also to take more care of their offspring and to be more selective with their partners (Janicke et al., 2016) ; thus, females are choosier and maternal care is more common than paternal care (Kokko & Jennions, 2008) . Reversed sex-roles refer to the situation in which 'classic' male-male rivalry for access to females is surpassed by competition for mates among females, resulting in a shift with respect to which sex is limiting the reproduction of the other (Barlow, 2005) . Although uncommon, there are many independently evolved cases in which the sex roles are reversed, and both components of the role reversal need to be considered separately: parental care and breeding competition (including our focus on female-female quarrels). In invertebrates, there are reported instances of courtship-role reversal (e.g. Hatziolos & Caldwell, 1983; Funk & Tallamy, 2000; Aisenberg & Costa, 2008) and exclusive paternal care (review Tallamy, 2000) , but only a few reports of females actually fighting for reproductive opportunities (e.g. orthopterans and belostomatids; Gwynne, 1991) , although this may be common in nature.
In vertebrates, there is an apparent higher proportion of instances of sex-role reversals, probably because parental care is more widespread. Fish and birds are the groups with the best-documented cases (Eens & Pinxten, 2000) , particularly shorebirds (Colwell & Oring, 1988) and pipefishes (Jones, Walker & Avise, 2001) , although other fish (e.g. Barlow & Lee, 2005; Ito, Yamaguchi & Kutsukake, 2017) and avian groups like buttonquails (Darwin, 1871; Starck, 1991) and coucals (Andersson, 1995; Goymann et al., 2016) are also sex-role reversed. Despite all of these instances of role reversal, some of which involve serious injuries derived from female squabbles (e.g. spotted sandpipers Actitis macularius; Maxson & Oring, 1980) , jacanas are the only confirmed group in which females have evolved ISWs to fight for access to males (Jenni & Collier, 1972) . Some species of Jacanidae and their sister clade, painted-snipes (Rostratuliade) (Whittingham, Sheldon & Emlen, 2000; Botelho & Faunes, 2015) exhibit male-defence polyandry (Dale et al., 2007) . In jacanas, females are significatively larger and, more importantly, have relatively larger bills, wings, and spurs used during intrasexual combat Emlen & Wrege, 2004; Wrege & Emlen, 2005; Lipshutz, 2017) .
Although the evolution of polyandry and sex-role reversal has been discussed in detail (e.g. Eens & Pinxten, 2000; Andersson, 2005; Simmons, 2005) , it is still unclear why jacanas are the only sex-role reversed group in which female ISWs have been reported (Davison, 1985; Berglund, 2013) . One explanation is that there is a deficit of detailed morphological and behavioural studies focusing on the detection of potential ISWs in sexually reversed species (see Robson & Gwynne, 2010; Ercit & Gwynne, 2016 ; see Section III.7 for female ISW prospects in birds). It is also possible that since sex-role reversal is relatively rare in nature, there have not been sufficient evolutionary scenarios for the appearance of 'reversed ISWs'. Alternatively, in taxa in which female competition is intense enough to trigger weapon development, male-male competition (in many cases a pre-existing condition) is still present and the emerging female weapon might not easily eclipse the male weaponry; this is a possibility that needs to be explored further, i.e. the evolution of ISWs that does not result in sexually dimorphic traits. Under this view, both sexes may evolve ISWs to fight the corresponding sex, ancestral in males and derived in females, but the trait has not surpassed the sexual dimorphism threshold to be larger in females. Such 'sex reversing' ISWs would be hidden to the conditions established in our definition, a situation that could apply both to a male-or a female-biased dimorphism. Thus, we suggest further consideration of this possibility in future studies. Similarly, since the relative growth of parts differs in males and females, sexual dimorphisms need to be dissected under the scope of different selective pressures, which is important when considering our ISW conditions. For example, in some lizards, relatively larger heads may be explained in relation to the advantage of higher bite force during male combat, but could also be a by-product of the increment in abdominal growth when females reach adulthood, explained by fecundity selection (e.g. Cordes, Mouton & van Wyk, 1995; Braña, 1996; Johnson, McBrayer & Saenz, 2005) . Finally, the cost of developing exaggerated weapons might be too great for females (compared to males), which are under differential evolutionary pressures such as fecundity selection (Fitzpatrick, Berglund & Rosenqvist, 1995) .
Female ISWs in beetles seem to have evolved under different evolutionary pressures. Such weapons include horns in female dung beetles, genus Onthophagus . In O. sagittarius female-female battles are common, but instead of fighting over access to males as in jacanas, female dung beetles feud for resources to raise offspring [Watson & Simmons, 2010a,b ; similar cases are found in wasps (Hardy, Goubault & Batchelor, 2013) ]. Cases like these are worth exploring because the rules that apply to female-female contests are different than those that apply to male-male competition (e.g. Elias et al., 2010; Hughes et al., 2014; Cain & Langmore, 2016) ; a further question to explore is: why do females not fight and escalate more? Also, female and male combat traits may be determined by different developmental paths; e.g. strength is determined by sex-specific responses to metabolic signals in muscle growth (Reaney & Knell, 2015) . Furthermore, females usually (except in role-reversed species) fight for high-quality mates instead of large quantities of mates (Berglund et al., 1993; Rosvall, 2011) . Future studies may uncover more ISWs in species in which physical confrontations over resources are restricted to one of the sexes. Morphological studies focusing on putative female ISWs could start on species with high levels of female aggression (reviews in Berglund et al., 1993; Clutton-Brock et al., 2006; Clutton-Brock, 2009; Rosvall, 2011; Tobias et al., 2012) .
(5) ISWs used in displays
The gradient between weapons used as fighting tools and as signals highlights the importance of considering the multiple functions of ISWs to understand their appearance and evolution. Males of taxa with elaborate weapons often use them as signals to interest females and/or deter rivals (Table 1) . We should clarify that even when an ISW is utilized during courtship display, such a structure would not be also classified as an intersexually selected ornament (i.e. traits that evolved primarily to attract the opposite sex and are not used during physical combat), but simply as a weapon with signalling properties. ISWs can be subject to female choice, and they could also evolve under such selective pressure, however we do not consider them as ornaments just because they can also be modified by intersexual selection (cf . Morina et al., 2018) . Certainly, there is a continuum from pure weapons to pure signals (McCullough, Miller & Emlen, 2016) , and, as we discussed in the introduction, status badges may serve in both male-male competition and female choice. ISWs have the potential to also signal male quality and fighting ability, and more taxa in Table 1 have been reported to use, rather than not use, ISWs as visual, tactile, or even acoustic (e.g. Hughes et al., 2014) signals. Perhaps counterintuitively, some formidable ISWs, like deer antlers or shrimp chelae, have increased in size and complexity but have decreased the absolute damage inflicted in combat and/or the likelihood of engaging in combat, probably due to the evolution of stereotyped displays and pushing scrimmages to assess resource-holding potential and strength respectively (Lincoln, 1994; Caro et al., 2003; Hughes et al., 2014; Emlen, 2014a) . Two other well-studied examples of contests that if not resolved by ritualized displays escalate to pushing duels and jousting are drosophilid flies (Grimaldi & Fenster, 1989) and scarab beetles (Emlen, 2008) .
Beetles and flies are also relevant to the weapon-signal gradient because they include species in which seeming weapons may only be status badges. Flies with stalked eyes (e.g. Diopsidae) and the dung beetle Proagoderus rangifer have been considered as some of the most extreme examples of male weaponry (Emlen, 2008 (Emlen, , 2014a but their exorbitant structures could actually represent instances of resource-holding potential signals rather than ISWs (Al-khairulla, Warburton & Knell, 2003; Egge, Brandt & Swallow, 2011; Knell, 2011) . In stalk-eyed flies, both sexes have eyestalks, and it has been proposed that such long eyestalks were initially fixed by natural selection, by providing increased peripheral vision (Burkhardt & de la Motte, 1983) . But flies with structures protruding from the head (e.g. stalks in Diopsidae or 'antlers' in Phytalmia spp.) exhibit resource-defence mating systems; thus, sexual selection is more likely to have driven the evolution of such traits (Wilkinson & Dodson, 1997) . Eyestalks have been shaped by intra-and intersexual selection; since in most species male stalks are much larger, males use their pronounced eyestalks to assess each other's resource-holding potential, and females prefer males with larger eye spans (reviews in Wilkinson & Dodson, 1997; Baker & Wilkinson, 2001 ). Stalk-eyed flies can escalate contests to physical contact but instead of using their eyestalks as fighting tools, they grapple with their forelegs (e.g. Al-khairulla et al., 2003; Egge et al., 2011) . There are other fly clades which present a different form of hypercephaly; rather than having eyestalks or head projections, their heads broaden more homogeneously, thereby increasing the area for frontal contact during jousting (review in Grimaldi & Fenster, 1989) . These broad-headed male flies (e.g. Drosophila heteroneura) charge foes during territorial scrimmages, pushing with their heads, but most flies use their forelegs to wrestle (Grimaldi & Fenster, 1989 ; see Appendix S1.1). Morpho-functional studies of foreleg use in copulation/combat and on sexual dimorphism are warranted.
Another example of weapon-shaped exaggerated structures that are not ISWs is found in fish (Fig. 4a in Emlen, 2008) . The rostral appendages of unicornfishes (Naso spp.) have been reported to be visual signals with rapid colour changes (Arai & Sato, 2007) , not used as weapons. However, they are part of the surgeonfishes (Acanthuridae) in which the sexually dimorphic caudal scalpel of some species could be a male armament (Appendix S1.2), yet behavioural studies are needed to confirm this. One of the best examples of ISWs used in displays are the flamboyant fiddler crab chelae (Allen & Levinton, 2007) ; these are probably the largest ISWs relative to body size, and perform double signalling functions to court females and to discourage contenders from fighting (Dennenmoser & Christy, 2013) . These lateralized ISWs could have evolved for fighting and display purposes by enlarging one of the paired appendages in response to the pressures of sexual selection (including lateral fighting style), while keeping the other fit to the original purpose, in this case feeding.
Game theory predicts that ISWs are likely to function as signals, and contests are more likely to escalate when contenders have similar weapons or body sizes (Parker, 1974; Kokko, 2013) . However, for inconspicuous ISWs, such as the concealed spurs of the platypus or the carpal knobs covered by feathers in crowned pigeons Goura cristata, it seems unlikely that combatants use their weapons as signals while vying for supremacy. Also, in some frogs, direct assessment of weapons may be precluded by their nocturnal habits and the fact that they do not use tactile displays (e.g. Hurme, 2015) , where size can be assessed (e.g. harvestmen; Zatz et al., 2011) . As an alternative, some frogs may be able to assess the size of the opponent (and hence the proportional ISW) by the pitch of the male's call (Davies & Halliday, 1978; Wells & Schwartz, 1984; Taigen & Wells, 1985) . As another example, diurnal primates exhibit greater dimorphism in canine teeth than do nocturnal primates, presumably because canines are used in visual aggressive displays (Harvey, Kavanagh & Clutton-Brock, 1978; McPherson & Chenoweth, 2012 ; but see Gittleman & Valkenburgh, 1997) . Perhaps secondarily, sexually dimorphic canines are also used in anti-predator displays (e.g. baboons Papio spp.; Cowlishaw, 1994) , highlighting the importance of understanding the selective pressures involved in the evolution of ISWs.
(6) Costs of ISWs
Overall there are more species and taxa without, rather than with ISWs (see Figs 6 and 7) ; this suggests that the benefits of evolving arms for male-male warfare are restricted to a subset of evolutionary scenarios and/or that the acquisition of a weapon should offset a series of intrinsic costs. There is a general cost on the expression of sexually dimorphic characters, other than primary sex traits, which comes when the trait is regulated by the same gene set in both sexes, and selection favours sex-specific, sometimes opposed, phenotypic optima (i.e. secondary sex traits or ecological sex traits); this is known as sexually antagonistic selection: there is a selective advantage for trait expression in one sex and, at the same time a disadvantage for the other (review in Iserbyt, Eens & Müller, 2015) . An additional cost comes with the probable linkage between weapon possession and risky aggressive behaviour; armed males are more likely to engage in a mating strategy with potentially higher reproductive success, but lower survival (see Johnston et al., 2013b) . Another clear cost of ISWs is involved with the growth of extravagant structures; for instance, deer invest a lot of calcium in their antlers, which are shed after every breeding season, and grow back even larger the following year (Cunningham, 1900; Davis et al., 2011) . Since most ISWs are traits structurally similar to those found in females, but substantially enlarged in males, they are likely to be costly to produce, maintain, and accommodate biomechanically, especially during locomotion (e.g. reviews in Kotiaho, 2001; Gerald & Thiesen, 2014; Goyens et al., 2015) . Additionally, many exaggerated secondary sex traits have shown to be condition-dependent (review in Simmons et al., 2017) , revealing a trade-off between developing ISWs or somatic traits (e.g. Emlen, 2000) . Costly traits are unlikely to be selectively neutral, but may be maintained by selection; if males exhibiting demanding weaponry also gain a higher proportion of reproductive success and can climb higher in dominance hierarchies, then these costly weapons will be selected for by sexual selection. Many studies report that males actively use ISWs during male-male interactions to establish hierarchies that affect access to mating opportunities (reviews inAndersson, 1994 ; Emlen, 2008) . For example, toothed earwig (Vostox apicedentatus) males use elaborate cerci (commonly called forceps) as both weapons and display structures, and dominant males with the largest weapons are able to maintain exclusive access to females (Moore & Wilson, 1993) . Although studies on trade-offs between ISWs and other morphological traits have yielded mixed results (review in Herberstein, Painting & Holwell, 2017) , in some cases, the armed sex would face a trade-off between performance (e.g. in locomotion, feeding, sensory systems) and fighting efficiency. For instance, when the ISW is a direct modification of the feeding apparatus, it will be advantageous for mating but may be disadvantageous for feeding [e.g. spiders (Pollard, 1994) ; salmon (Darwin, 1859; Witten & Hall, 2002) ; hummingbirds (Rico-Guevara & Rubega, 2011 ]. In nectar-feeding birds, ISWs come as modifications of the bill tips to stab and pluck feathers (e.g. Rico-Guevara & Araya-Salas, 2015; Rico-Guevara & Rubega, 2017; A. Rico-Guevara, personal observations), however, bill tip shape is finely tuned to interact with the tongue in order to optimize nectar extraction efficiency (Rico-Guevara & Rubega, 2011; Rico-Guevara, Fan & Rubega, 2015; Rico-Guevara, 2017) . Hence, even ISWs that are not exaggerated structures (such as in spiders and salmon) can have an impact on the naturally selected function of the modified trait.
As exemplified above, the more the shape of the weapon deviates from the ancestral shape of the trait, the costlier it will be, since its ability to perform the relevant ecological function for which the trait was originally adapted is reduced (excluding ISWs that are also effective hunting tools, see below). Therefore, it is not surprising to find polymorphisms in ISW expression. Polymorphisms in ISWs are frequently related to alternative reproductive strategies that generate alternative reproductive phenotypes (reviews in Gross, 1996; Herberstein et al., 2017 ; see an exception in Painting et al., 2015) . In some species, two or more sympatric male morphs show variations in the development of ISWs, with one form showing more enlarged weapons than the other (e.g. Emlen & Nijhout, 2001) . Those morphs differ in patterns of selection acting on ISWs, which reflect concomitant differences in mating behaviours between them (Wellborn, 2000; Emlen & Allen, 2004) . But the mechanisms underlying the maintenance of ISW polymorphisms have only recently begun to be established (e.g. Johnston et al., 2013b; Skrzynecka & Radwan, 2016) . In most cases the large-bodied morph has larger weapons, relative to body size (e.g. dung beetles; Emlen & Nijhout, 2001 ), but occasionally the smaller morph is the one with the more developed weapons (e.g. amphipods; Wellborn, 2000) . Therefore, in a given species, some adult males may have large weapons, while others may not have them at all (e.g. Shuster, 1992) ; these differences could be genetically determined [e.g. allelic polymorphisms (Shuster, 1989; West-Eberhard, 1989) ] or reprogrammed physiologically during development [nutritional polyphenism in beetles (e.g. Moczek & Emlen, 1999; Emlen & Allen, 2004) ].
Studying the costs of sexually selected traits, such as ISWs, in locomotor performance (e.g. Oufiero & Garland, 2007) , and other aspects potentially affected by the exaggerated trait in polymorphic species, allows for comparisons additional to the common male versus female and juvenile male versus adult male forms. Unique ISWs, that is structures that are not present on females, may also offer a window into the cost of weaponry. For instance, male narwhals present flukes that are different in shape to those of the females or to those of other toothed whales, and are thought to compensate for the increased drag imposed by the elongated tusk [Fontanella et al., 2011 , but see Ralls & Mesnick, 2002 for other cetacean dimorphic flukes], and females seem to be able to swim faster than males, which is important for their foraging dives (Laidre et al., 2003) . We consider the narwhal's tusk to be a unique ISW (Gerson & Hickie, 1985 ; but see Nweeia et al., 2014) because this species has only vestigial teeth besides the males' enlarged canines. Comparative studies are needed to understand and quantify the costs (or lack thereof e.g. beetles; McCullough & Emlen, 2013) of ISWs in nature, including research on the damage inflicted by the weapon on the attacked party (see Song, Ortiz & Boyce, 2011) and the attacker (e.g. Lane & Briffa, 2017) , the evolution of compensatory traits (see Fontanella et al., 2011) , rates of phenotypic divergence in ISWs (Simmons & Fitzpatrick, 2016) , and studies on sexual differences in feeding efficiency in a range of species with ISWs that modify the feeding apparatus [e.g. fiddler crabs (Weissburg, 1993; Mokhlesi et al., 2011) ].
(7) From sexually dimorphic traits to ISWs
There are four well-known ways in which a sexually dimorphic trait (different than primary ones, see Section I) can be fixed: sexual selection, fecundity selection, parental role division, and differential niche occupation between the sexes (e.g. Ralls, 1976; Slatkin, 1984; Hedrick & Temeles, 1989; Shine, 1989; Lailvaux & Vincent, 2007; Wilhelm et al., 2011) . Based on the present review, we highlight an additional selective pressure that fixes sexually dimorphic traits: interference competition. If sexually dimorphic traits (e.g. body size, status badges, armaments, etc.) provide advantages during intra-and/or interspecific quarrels over access to food, nesting places, refuges, etc., such traits could be favoured, even if they are only expressed or enlarged in one of the sexes (e.g. malacostracan appendages; Vermeij, 1977; Christy & Salmon, 1991; Garvey, Stein & Thomas, 1994) . A comparable process may explain why in some species females have evolved weaponry similar, but less developed, than that present in males (see Section III.3), or in the special case of female dung beetles, which are better armed than males, females compete for breeding resources (see Section III.4).
Since we do not include the subject of dispute in our definition of ISWs, one of the results from our survey is that most ISWs have evolved for fighting over access to mates; in all species except jacanas, males are the armed sex. More research is needed for cases in which ISWs seem to have evolved through resource defence, as opposed to fights for mates. For instance, in some hummingbird species, males have sexually dimorphic bill daggers, hooks, and serrations, that are likely to be weapons used during male-male fights (Rico-Guevara & Rubega, 2017) , and they battle over territorial defence both for reproduction and survival (i.e. during and outside the mating season). Further discussion on resource-based mating systems, intra-, and interspecific competition, and the distinction between natural and sexual selection (e.g. Clutton-Brock, 2009), would shed light on this and similar cases.
It is important to note that the different proposed ways of evolutionarily fixing sexually dimorphic traits are not mutually exclusive and rather could be complementary. For example, an ISW can be fixed first through male-male competition and then the secondary sex trait could be boosted by intersexual resource partitioning, or interspecific dominance over critical resources [e.g. straighter and pointier bills in hummingbirds (Temeles, Miller & Rifkin, 2010; Rico-Guevara & Araya-Salas, 2015) ]. Further studies on the influence of ISWs in interspecific antagonistic interactions (cf . social competition; West-Eberhard, 1983) are necessary to test if these sexually selected traits could be enhanced through natural selection. A related example is found in lizards, where more robust jaws in males have been linked to differential body/head growth rates driven by fecundity selection (reviews in Braña, 1996; Johnson et al., 2005) , dietary niche divergence (review in Vincent & Herrel, 2007) , and/or male-male combat (reviews in García-Bastida et al., 2013; Kelly, 2015) . Thus, it is often difficult to parse out the selective pressures underlying sexual dimorphisms, but morpho-functional studies going beyond linear measurements and controlling for body size, applied forces, lever arms, and displaying abilities, among other approaches (e.g. Emerson, 1991; Irschick et al., 2007; Fabre et al., 2014) , may offer clues to disentangle the influences of natural and sexual selection in the evolution of ISWs.
In many animal groups, it has been shown that individuals with the largest ISWs are: (i) usually the largest (absolute body size) and in best condition [e.g. deer (Clutton-Brock et al., 1979; Vanpe et al., 2007; beetles, Hongo, 2007) ], (ii) the most likely to maintain access to females [e.g. thrips (Crespi, 1988b) ; wetas (Kelly, 2004) ; hummingbirds (Rico-Guevara & Araya-Salas, 2015)], and (iii) generally the animals that achieve the highest fertilization success [e.g. spiders (Funke & Huber, 2005) ; red deer Cervus elaphus (Kruuk et al., 2002) ]. Additionally, the evolution of ISWs shares three properties in most of the taxa in which they independently appeared: (i) ISWs arise when males are able to defend spatio-temporally restricted, critical resources (Andersson, 1994; Emlen, 2008) , and the frequency and intensity of fighting increases; for instance, when there are shifts in breeding seasonality (e.g. DeMiguel et al., 2014) ; (ii) ISWs are the most variable structures in the majority of species with elaborate weaponry, and such variation, in most reported cases (see Emlen, 2008) , honestly reflects among-individual differences in body size or quality in the form of fighting ability (i.e. resource-holding potential); and (iii) the form of male conflict leads to physical battles in which not only strength and agility, but also the use of weapons determines the winner (see Emlen, 2014a) .
Our review sets a reference point to explore groups that we do not report here as armed with ISWs, but in which male-male combat is well documented but detailed morphological studies on the putative weapons are needed, and similarly on groups with weapon-like secondary sex traits in which behavioural information is required to formalize them as bona fide ISWs (Appendix S1). There may also be more instances of independently evolved female ISWs; however, disentangling the effects of other selective pressures is challenging. For instance, we suggest that since bills are used as weapons by females of some sexually reversed bird species [e.g. Wilson's phalarope Phalaropus tricolor (Colwell & Oring, 1988) ; spotted sandpipers (Maxson & Oring, 1980) ], they would be excellent candidates to be ISWs. However, the resulting sexual dimorphism, controlled for body size, should be dissected in the light of intersexual resource partitioning (reviews for shorebirds in Nebel & Thompson, 2011; Franks et al., 2013) during breeding and non-breeding seasons (see Székely, Reynolds & Figuerola, 2000) , and functional constraints of their feeding apparatus (e.g. Rubega, 1996) . We propose that studies on prospective reversed ISWs (e.g. bills, legs, claws) focus on morphological dimorphism in species of plovers (Charadriidae) and painted snipes (Rostratulidae), and on documenting combat strategies in the families Turnicidae (buttonquails), Centropodidae (coucals), and Scolopacidae (sandpipers) where female-biased bill sexual dimorphism has been found .
(8) Additional selective pressures on ISWs
In some cases, ISWs also serve as effective hunting tools [e.g. mantis shrimps (Christy & Salmon, 1991) ; baboons (Kudo & Mitani, 1985) ]. In a few taxa, ISWs have been reported to improve non-mating-related dominance over a variety of resources (e.g. decapods; Vermeij, 1977; Garvey et al., 1994) . A surprising result from our survey is that the most developed ISWs have frequently arisen in non-hunting animals (e.g. herbivores) or in small-prey predators, such as insectivores (Table 1, Fig. 7 ). Perhaps this trend could be justified by the fact that in large-prey predators, weapons achieved by one sex are also valuable for the other, and specialized weapons that provide even a slight advantage for hunting or territorial dominance, are likely to spread rapidly among all individuals in a population through natural selection. If the survival of a large predator (male or female) depends on the territory that the individual can defend, both sexes would be expected to be good at fighting for resources. Alternatively, the weapon could also evolve in females for defending themselves and their young from armed males or predators, or for fighting for resources with other females. Predator males have, by default, powerful weapons useful both for hunting and in male-male fights, and a characteristic trend of secondary sex traits derived from male-male competition is that males are notoriously bigger than females [e.g. polar bears Ursus maritimus (Derocher, Andersen & Wiig, 2005; Bechshøft et al., 2008a) ]. Therefore, males that are predators on large prey would have powerful weapons designed to fight against sizeable animals, either substantial prey or large conspecific contenders. Nonetheless, in some predators the body-size sexual dimorphism is reversed, which could evolve due to changes in mating system (e.g. spotted hyena Crocuta crocuta; Boydston, 2001) , to lessen intersexual competition for food (e.g. falcons; Kruger, 2005) , or by fecundity selection (e.g. snakes; King et al., 1999) , among others.
There is a general correlation between large male body size and the presence of ISWs; it is likely than within clades, larger species tend to have more developed ISWs compared to smaller species (e.g. ruminants, reviews in Lincoln, 1994; Lundrigan, 1996; Emlen, 2008) , which could be an extension, mutatis mutandis, of Rensch's rule (e.g. Fairbairn, 1997; Colwell, 2000; Dale et al., 2007; Rudoy & Ribera, 2017) . For comparative studies, it is important to consider that this correlation of general body size and more-developed ISWs would be altered by differences in mating system, fighting style, habitat, etc. (Emlen, 2008) . This could also help us to understand the evolutionary triggers of ISWs, such as changes in mating system, body and/or weapon size, that are linked to climatic shifts and new habitats (review in DeMiguel et al., 2014) . We highlight that male-biased sexual size dimorphism, although correlated, is not a prerequisite for the evolution of ISWs; usually the stronger individual wins during a physical confrontation, but what is ultimately important is to possess a significant combative advantage (strength versus agility). The largest animals with ISWs are sperm whales, which also show large male-biased body size dimorphism (Nakamura, Zenitani & Kato, 2013; Panagiotopoulou et al., 2016) ; this dimorphism is also found in the largest terrestrial animals with ISWs (e.g. elephants Elephas maximus; Chelliah & Sukumar, 2013) , and other large armed males, such as elephant seals Mirounga leonina (Modig, 1996) . However, other large animals with ISWs do not show large body size dimorphism (e.g. beaked whales; MacLeod, 2006) , and this might be explained by an increased competitive advantage of small body size for male-male combats in terms of manoeuvrability (MacLeod, 2006) .
Evolutionary scenarios in which small body sizes are linked to combative advantages (e.g. agility) may explain, in part, why across taxa there is not an obvious trend of larger body size clades having more ISWs than smaller body size clades (see Figs 6 and 7) . Furthermore, historical contingencies and evolutionary constraints on each group may determine the interplay between body size and ISWs. For instance, spiders are one of the few groups that exhibit ISWs in which males are not larger than females. Female-biased sexual size dimorphism, prevalent in invertebrates and ectothermic vertebrates (but also occurring in endotherms; Ralls, 1976) , is probably a result of fecundity selection (Darwin, 1871; Andersson, 1994; Pincheira-Donoso & Hunt, 2017) . In spiders, an additional selective factor that keeps males smaller than females is related to enhanced dispersal abilities of males while searching for mates (Corcobado et al., 2010) . Even in groups in which females are generally larger than males [e.g. frogs (Duellman & Trueb, 1986) ; snakes (Shine, 1978) ], large male body size can arise as an adaptation for male-male fighting (Shine, 1978 (Shine, , 1979 (Shine, , 1994 Wells, 1978 Wells, , 2007 . Extensive knowledge about social behaviour of many tropical frogs is lacking, but in most frogs with ISWs that have been studied in detail, there are territorial struggles among males (Wells, 2007; Hurme, 2015) . In addition, in armed species, sexual selection on male combat has overcome selection on female body size for increased fecundity, and males are larger than females (e.g. Hurme, 2015) , which deviates from the norm of female-biased sexual size dimorphism in frogs. For example, in Borneo's fanged frog, Limnonectes leporinus, males aggressively defend nest sites along riverbanks (Orlov, 1997) , and males are larger than females (Emerson, 1992; Emerson & Voris, 1992) . Interestingly, in a closely related species with male parental care, the smooth guardian frog, L. palavanensis, females call and approach males (Goyes Vallejos et al., 2017) , males are smaller than the females, have no fangs, and do not exhibit male-male combat (Inger & Voris, 1988; see Emerson, 1996 for a discussion of sexually selected traits in this group).
Once male large body size and weapons have evolved due to intrasexual competition, they can serve in a variety of contexts beyond male-male fighting. We have already pointed out the dual purpose of weapons as signals of male quality, but some structures, such as snake spurs, are also used in two different contexts: to stimulate females during courtship and to overthrow competitor males from branches (e.g. Carpenter, Murphy & Mitchell, 1978; Senter, Harris & Kent, 2014) . Some dual-purpose ISWs also help to maintain a secure grip on the female during copulation, and aid in dislodging other males already copulating with the desired female (e.g. thumb spines in frogs; Wells, 2007) . Some ISWs are used both against rival males and in coercing mating with females. For instance, ISWs are used in male combat and forced copulations or restraining females in camel crickets [e.g. strong hind legs and femoral spines (Haley & Gray, 2012; Conroy & Gray, 2015) ], male orangutans and other simians [e.g. sexually dimorphic strength and weapons (Smuts & Smuts, 1993; Muller & Wrangham, 2009)] , and many male lizards [e.g. sexually dimorphic jaws (e.g. Gvozdík & Van Damme, 2003; Lappin, Hamilton & Sullivan, 2006; Naretto et al., 2014) ]. ISWs are also used in turtles as coercive mating tools (review in Moldowan et al., 2016) , and some sexually dimorphic traits that seem to be mostly used for sexual coercion are also used occasionally in male-male clashes (e.g. turtle tomiodonts; Moldowan et al., 2016) .
IV. CONCLUSIONS
(1) We present the first systematic review of weapons that have evolved under same-sex fighting pressures surveying the entire tree of life. Our review offers previously unreported insights about the evolutionary trends of this kind of weaponry in nature. Most ISWs: (i) come in pairs following the bilaterian design, (ii) are located on or near the head, (iii) are modified feeding structures and/or locomotory appendages, (iv) are modifications of the exo-(arthropods) or endoskeleton (vertebrates), (v) are more common in terrestrial taxa, (vi) have become exaggerated structures in non-hunting animals (e.g. herbivores) or small-prey hunters (e.g. insectivores) relative to their body size, (vii) are found almost always in males that fight for access to mates, and (viii) are overdeveloped structures of those found in females (as opposed to unique weapons found in only some taxa) that do not appear or enlarge until adulthood.
(2) Other patterns emerging from our survey (see Table 1 ) concur with previous reviews (e.g. Cunningham, 1900; Andersson, 1994; Emlen, 2008 Emlen, , 2014a . Most ISWs: (ix) are frequently used to guard territories, females (pre-or post-copula), or both, and (x) are also used in signalling displays (e.g. visual, tactile, acoustic) to deter rivals and/or attract females. Additional important results of our survey are that independent evolution of ISWs is not evenly distributed across the phylogeny (Figs 6 and 7) and that it is rare that an independent ISW appearance is restricted to a single species (e.g. platypus and tuatara, whose close relatives are extinct); more common may be that additional studies are needed to confirm the presence of ISWs in related taxa [e.g. quacking frog Crinia georgiana or the Jamaican fruit bat Artibeus jamaicensis, and candidate ISWs in other genera of the families Myobatrachidae and Phyllostomidae, respectively (Table 1, Appendix S1)]. This review provides the necessary baseline to understand the idiosyncrasies of ISW evolution at several clade scales.
(3) Our review provides a new framework to study the evolution of a particular kind of weaponry that has evolved multiple times in nature; we explicitly delineate the conditions for a trait to be considered an ISW. By following this ISW concept, we have found several patterns not previously reported that offer clues to answer the question of why sex-specific weapons have evolved in only some species. In addition, we introduce the related concept of intrasexually selected armour for which we provide examples in vertebrates (Jarman, 1989; Broeckhoven et al., 2017) . Arthropod exoskeleton, e.g. beetle armour, is effective at preventing peripheral damage and it has been a prolific platform for the development of rigid structures as ISWs; yet studies focusing on the modifications of the exoskeleton as intrasexually selected armour are warranted.
(4) We provide hypotheses on the origins of ISWs by taking into account the full range of independent evolutions across the tree of life. Further comparative analyses on sister taxa with and without ISWs will provide excellent test systems for our, and more detailed, hypotheses that take into consideration combative styles. For instance, certain primate lineages exhibit high levels of intrasexual fighting and lack weapons (e.g. strepsirrhines, review in Lawler et al., 2005) or have them (e.g. gorillas; Fig. 2 ). Our review serves to identify particular clades in which animals with different body sizes and habits have evolved ISWs, which could guide future comparative studies to understand the evolution of sex-biased weaponry in nature [e.g. Paenungulata (elephants, dugongs, and hyraxes), review of related taxa in Tarver et al., 2016] .
(5) Finally, the most studied, diverse, and extravagant, animal weapons (e.g. head projections in ruminants and beetles) could actually be exceptional among all ISWs. Such head projections are released from the functional constraints of weapons that evolve from modifications of feeding or locomotory parts (most ISWs, Table 1 ; excluding lateralized weapons), although there are limits to the relative size of head ISWs (review in Tidière et al., 2017) . In this regard, there is a need for more morpho-functional research on weaponry [e.g. finite element analyses in artiodactyls (Snively & Theodor, 2011) and beetles (McCullough, Tobalske & Emlen, 2014) ] in clades in which the weapons impose direct trade-offs with feeding and/or locomotion. Biomechanical hypothesis-driven studies on functional morphology coupled with performance measurements, both of combat abilities and relevant biological functions affected by the weapon, are warranted. 
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